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INTRODUCTION
Bacterial endophthalmitis is an infection of the interior of the eye that, despite appropriate therapeutic intervention, frequently results in visual loss. Recently, research has begun to elucidate the molecular and cellular events that contribute to the damage that occurs in intraocular infection. This review discusses the epidemiology and therapuetic challenges of endophthalmitis, as well as current findings from the analysis of bacterial and host interactions in the pathogenesis of eye infections. Based on these and related studies, a model for the molecular pathogenesis of endopthalmitis is advanced. A more comprehensive understanding of the contributions of the molecular and cellular interactions in endophthalmitis will likely unveil possible therapeutic targets designed to ameliorate the infection and preserve vision.
BACTERIAL ENDOPHTHALMITIS
Endophthalmitis is an ocular inflammation resulting from the introduction of an infectious agent into the posterior segment of the eye. During infection, irreversible damage to delicate photoreceptor cells of the retina frequently occurs. Despite aggressive therapeutic and surgical intervention, endophthalmitis generally results in partial or complete loss of vision, often within a few days of inoculation. Infectious agents generally gain access to the posterior segment of the eye following one of three routes: (i) as a consequence of intraocular surgery (postoperative), (ii) following a penetrating injury of the globe (posttraumatic), or (iii) from hematogenous spread of bacteria to the eye from a distant anatomical site (endogenous). Although uncommon, endophthalmitis can also result from keratitis, an infection of the cornea which, if left untreated, can result in corneal perforation and intraocular seeding of organisms (117) .
Postoperative Endophthalmitis
Postoperative endophthalmitis has been reported following nearly every type of ocular surgery. It occurs most frequently following cataract surgery-the most commonly performed type of ocular surgery. The overall incidence of post-cataract surgery endophthalmitis in the United States, using modern techniques of phacoemulsification and intraocular lens implantation, is about 0.1% (1, 60, 68, 116) . The incidence following other types of intraocular surgery has been reported to range between 0.05 and about 0.37% (1, 60, 68) . In general, those procedures with a higher risk for acute postoperative endophthalmitis (secondary intraocular lens implantation and penetrating keratoplasty [corneal transplantation]) are those with a greater potential for wound leaks with subsequent intraocular bacterial contamination.
The etiologic agents of acute postoperative endophthalmitis are generally microorganisms of the eyelid margin and preocular tear film. Although preoperative topical antimicrobial agents can decrease colony counts in the tear film, they do not sterililize the area. In one study, culture of aqueous fluid immediately following cataract surgery revealed a 9% culturepositive rate (39) . Presumably, low inoculum levels and/or low pathogenicity combined with the innate ocular defenses against infection explain the low rate of clinical infection despite the relatively high prevalence of microorganisms in the eye following surgery.
In most series from the United States, coagulase-negative staphylococci are responsible for about 70% of post-cataract surgery endophthalmitis, followed by Staphylococcus aureus, viridans group streptococci, other gram-positive microorganisms, and gram-negative microorganisms (1, 55, 126) . Enterococci are notable among the gram-positive microorganisms both for prevalence and severity of disease (35) .
Outcomes following appropriate surgical management are related to a number of factors-most importantly to the level of visual function at the time of clinical presentation. In the Endophthalmitis Vitrectomy Study (EVS), a National Institutes of Health-funded multicenter prospective study, eyes presenting with a visual acuity of only light perception achieved a final vision of 20/40 in 33% of cases, even though the most efficacious management protocol was used. If the presenting vision was better than light perception, over 60% of eyes achieved 20/40 or better vision utilizing the same treatment protocol (35) .
Postoperative endophthalmitis may also occur weeks to years following surgery. This delayed infection is likely due either to sequesteration of low-virulence organisms introduced at the time of surgery or to delayed inoculation of organisms. In the former case, Propionibacterium acnes is the most common microorganism encountered, and clinically evident low-to moderate-grade inflammation may occur weeks to months after surgery (6, 26, 112) . In cases with delayed inoculation of microorganisms, organisms gain access to the eye through either wound abnormalities, suture tracks, or filtering blebs. The most common clinical situation involves antecedent glaucoma filtering surgery (125, 150) . In addition to reflecting the colonization of the preocular tear film, delayed infection of this type is associated with a higher prevalence of streptococcal species.
Posttraumatic Endophthalmitis
Penetrating ocular injuries are accompanied by infection at a much higher rate than occurs with surgery. In most series of penetrating injury cases, from 3 to 17% of eyes develop microbial endophthalmitis (67, 87, 96, 140) . The broad prevalence range is due to factors such as frequency within the series of intraocular foreign bodies, distribution of trauma causes, and management strategies. Most authorities agree that the three most important risk factors for posttraumatic endophthalmitis are the presence of an intraocular foreign body, delay in closure of the globe, and location and extent of laceration or rupture of the globe.
Posttraumatic-endophthalmitis-associated isolates include a greater variety of organisms than those following ocular surgery and include bacteria derived from the environment. Bacillus cereus is ranked second behind staphylococci in prevalence and some cases are polymicrobial (15, 75, 96, 114, 140) .
Endogenous Endophthalmitis
Endogenous endophthalmitis results from the introduction of organisms into the posterior segment of the eye as a result of hematogenous spread from a remote primary site of infection. Endogenous endophthalmitis is relatively rare, accounting for only 2 to 8% of all endophthalmitis cases (51, 97, 107) . Populations at greatest risk include immunocompromised patients or those on immunosuppressive therapy, patients with prolonged indwelling devices, and intravenous drug abusers (27, 119) . Common causes of endogenous bacterial endophthalmitis include S. aureus, B. cereus, and gram-negative organisms, including Escherichia coli, Neisseria meningitidis, and Klebsiella spp. (27, 81, 107, 142) . Bacillus spp. are a primary bacterial cause of endogenous endophthalmitis in intravenous drug abusers and are most likely seeded from contaminated injection paraphernalia and drug solutions (27, 51, 119) . The most common etiological agent of all cases of endogenous endophthalmitis is the opportunistic fungus Candida albicans (107) .
ENDOPHTHALMITIS: A THERAPEUTIC CHALLENGE
Successful treatment of microbial endophthalmitis must take into account the unique challenges posed by the delicate anatomy and physiology of ocular tissues. Inflammation-induced opacity of the cornea, anterior chamber, lens, and/or vitreous impedes formation of a clear image on the retina. Inflammation-mediated damage to the trabecular meshwork and/or ciliary body may produce blinding glaucoma or ocular hypotony. Most critically, damage to the neurosensory retina and retinal pigment epithelium may destroy the basic photochemical process of vision. The center of the macula (that portion of the retina responsible for central vision) is an area only about 500 m in diameter.
While the retina has a rich blood supply, the vitreous (about 4 to 5 ml in volume) and the anterior chamber (about 2 ml in volume) are avascular and isolated from the systemic circulation by the blood-ocular fluid barrier (131, 133, 134) . These unique anatomic features represent a barrier for the delivery of not only cellular and humoral mediators of host immunity but also antimicrobial or anti-inflammatory agents administered systemically. A second problem lies in the sensitivity of the retinal photoreceptor cells and other retinal cells directly adjacent to the vitreous. Such cells are highly sensitive not only to the offending pathogen and the resulting inflammatory re-sponse but also to high doses of antimicrobial agents administered locally to treat the infection (23, 29, 36, 152) .
Choice of Antimicrobial Agent
When endophthalmitis is initially suspected, the pathogen is not typically known, so the choice of antimicrobial agent must be made empirically. Unfortunately, clinical features of infection and culture results often do not correlate adequately to guide the choice of antibiotics upon presentation (65) . Furthermore, despite coverage with broad-spectrum antibiotics, visual loss remains a common result (36, 98) . Outcome of endophthalmitis management is likely due to several factors, including the responsible pathogen, the patient's age, the duration between injury and treatment, the therapy chosen, and the condition of the eye upon presentation (43) . Clinical and experimental studies have firmly established that delay in therapy will result in poor visual outcome, especially in severe cases of endophthalmitis (4, 42, 74, 77, 91, 107) .
The recommended management of bacterial endophthalmitis includes direct injection of antibiotics into the vitreous (10, 19, 36, 145) . Systemic antibiotics have also been used concurrently for bacterial endophthalmitis (1, 107) , although some potentially effective antibiotics (vancomycin and aminoglycosides) do not penetrate readily into the vitreous (38) , due in part, to the protective effect of the blood-ocular fluid barrier. Intraocular inflammation increases the permeability of the blood-ocular fluid barrier, enhancing penetration of systemic antibiotics into the vitreous cavity (38) . However, intravitreal levels achieved vary substantially, frequently falling below the MICs for many ocular pathogens.
Because of variable penetration into the vitreous cavity of aminoglycosides, vancomycin, and cephalosporins (the traditional mainstays of antimicrobial therapy in bacterial endophthalmitis), the EVS evaluated their clinical efficacy in a postcataract surgery endophthalmitis controlled trial. Systemic antibiotics, as used in the study, did not enhance visual outcomes when used in combination with intravitreal administration (36) . Based on that study, parenteral antimicrobial agents are not recommended for eyes that would have satisfied criteria for EVS eligibility.
This recommendation against systemic antimicrobial therapy does not apply to eyes following other types of ocular surgery, trauma, or suspected endogenous endophthalmitis. Clinicians are also always at liberty to modify EVS recommendations based on modifying clinical signs or new therapeutic information. Although new data suggest that fluoroquinolones penetrate into the inflamed and noninflamed vitreous better than other classes of antibiotics, they have not been subjected to rigorous, blinded clinical trials (40, 93) . Despite this, fluoroquinolones in particular are currently used by many clinicians in combination with intravitreal antibiotics in management of some severe endophthalmitis cases. Systemic antibiotics remain an integral part of the therapeutic approach to endogenous endophthalmitis where there is concomitant bacteremia.
Intravitreal administration of antibiotics is a key component of the clinical management of exogenous bacterial endophthalmitis. Known intravitreal levels of antibiotics can be directly and immediately achieved and remain above the MICs for most pathogens for protracted periods of time. The three most commonly utilized antibiotics for intravitreal administration include 1.0 mg of vancomycin, 0.4 mg of amikacin, and 2.2 mg of ceftazidime. Both vancomycin and amikacin were included in the EVS protocol. Antibiotic susceptibilities of bacterial isolates recovered in the EVS are summarized in Table  1 (55) . Virtually all post-cataract surgery endophthalmitis isolates are sensitive to one or both agents (55) . Many clinicians prefer to substitute ceftazidime for amikacin because of the well-recognized destructive retinal microvasculitis which may occur as a dose-dependent toxicity of aminoglycosides (23, 29, 36) . The spectra and sensitivities of ceftazidime and amikacin are similar for most ocular isolates. Therefore, the two most commonly utilized combinations are vancomycin and amikacin or vancomycin and ceftazidime.
Despite broad-spectrum antibacterial activity, fluoroquinolones are not widely used for direct intraocular administration, due in part to concerns regarding possible toxicity (129, 152) . The emergence of antibiotic-resistant organisms, particularly vancomycin-resistant gram-positive pathogens, such as Enterococcus faecalis and potentially S. aureus, may affect future therapeutic design.
Anti-Inflammatory Agents
Although an ocular inflammatory response is vital for the clearance of organisms during infection, this response can induce bystander damage to sensitive neurologic tissues. The ocular inflammatory response to intravitreal gram-positive organisms is induced by growing organisms as well as metabolically inactive organisms, whole cell walls, and cell wall components (20, 24, 89) . Intravitreal injection of gram-negative lipopolysaccharide induces inflammatory-cell infiltration and protein leakage into the aqueous humor (57, 92, 100) . Antibi- 1996) . The phenomenon of antibiotic-induced inflammation is similarly well-established in animal models of otitits media and meningitis (69, 108, 113, 127) . For meningitis, adjunctive use of corticosteroids has been shown to effectively suppress inflammation (108, 141) . For treatment of endophthalmitis, however, reports on the benefits of corticosteroid administration have been contradictory, and as a result, the use of intravitreal steroids to treat bacterial endophthalmitis remains controversial. In experimental models of bacterial endophthalmitis, concomitant administration of dexamethasone was reported to be beneficial (62, 85, 101, 102, 123, 154) , had no effect (4, 30, 62, 70, 118) , or was detrimental (88) to infection outcome. Despite these conflicting results, dexamethasone is frequently used as an adjunct to antibiotic therapy in endophthalmitis.
Vitrectomy
Although intravitreal antibiotic therapy can provide effective bacterial killing during endophthalmitis, vitrectomy is an appealing adjunct to management. Vitrectomy (surgical cutting and aspiration of vitreous contents and replacement with balanced salt solution) debrides the vitreous cavity of bacteria, inflammatory cells, and other toxic debris; promotes better diffusion of antibiotics; removes inflammatory membranes; permits earlier visualization of the retina; and may speed recovery of vision (87) . Vitrectomy has been shown to improve visual outcome in severe postoperative EVS-eligible cases (36) . An ongoing debate exists concerning the appropriate timing for vitrectomy in traumatized eyes. However, most reports agree that vitrectomy should be performed without delay in severe cases of endophthalmitis, especially those involving intraocular foreign bodies (2, 66) . Microorganisms may be recovered from extracted vitreous, but the microbiologic yield does not appear to be enhanced over that recovered from a needle tap (54) .
CORRELATIONS BETWEEN BACTERIAL VIRULENCE AND VISUAL OUTCOME
Because of the limited immune response that occurs within the eye, a wide range of organisms cause intraocular infection, and as a result, a wide spectrum of symptoms are associated with endophthalmitis. Symptoms of endophthalmitis range from a relatively painless anterior chamber inflammation, such as that typically caused by Staphylococcus epidermidis; to an indolent and protracted intraocular infection caused by P. acnes; to an explosive ocular and periorbital infection caused by B. cereus (1, 26, 114) . Differences in disease outcome have been ascribed to toxin production by the offending organism. However, clinical reports also document severe infection by nontoxigenic organisms, such as coagulase-negative staphylococci or Bacillus species other than B. cereus (34, 58, 77, 84, 111) . The reason for this discrepancy is likely rooted in precisely what constitutes an intraocular toxin. Recent experiments employing molecular biological techniques to generate specific mutations show that bacterial protein toxins contribute to intraocular tissue damage in some types of bacterial endophthalmitis but not in others (16, 17, 22, 62, 63 Mid-logarithmic-phase B. subtilis was exposed to various antibiotics for 3 h. Antibiotic-treated cultures were sterilized by passage through 0.22-m-pore-size filters prior to injection of 0.1 ml into mid-vitreous of New Zealand White rabbits. Electroretinography was performed on postinjection days 1, 3, 5, and 7, and results are expressed as a percentage of retinal function retained compared to the baseline. Control eyes included those receiving no injection: (No Inj), surgical control (saline injection) (Saline), sterile broth (uninoculated brain heart infusion) (BHI), and no antibiotic treatment (No Abx). Electroretinography losses during the 1-week course were averaged for each group and compared using the Student t test. Values and error bars represent means ϩ standard errors of the means for four or more eyes per group. Abbreviations for antibiotics: Chlor, chloramphenicol (500 g/ml); Amik, amikacin (100 g/ml); Cip, ciprofloxacin (25 g/ml); Caz, ceftazidime (500 g/ml); Vanc, vancomycin (250 g/ml).
al., Abstr. Assoc. Res. Vis. Ophthalmol. Meet.; M. C. Booth, L. M. Pence, and M. S. Gilmore, Abstr. Assoc. Res. Vis. Ophthalmol. Meet., abstr. 1386, 1999). The gram-positive cell wall and its constituents are also capable of inciting significant intraocular inflammation (20) and therefore should be regarded as nonclassical intraocular toxins.
B. cereus Toxins
One of the most explosive and devastating forms of bacterial endophthalmitis is caused by B. cereus. A comprehensive review reported that only 9% of posttraumatic cases caused by B. cereus and other Bacillus species resulted in a final visual acuity of 20/70 or better. Seventy percent of eyes lost all useful vision, including 48% of cases resulting in evisceration or enucleation (31) . Despite aggressive drug and/or surgical intervention, B. cereus endophthalmitis typically results in migration of organisms throughout the eye and a rapid and severe intraocular inflammatory response, resulting in loss of functional vision, if not the eye, within 24 to 48 h (Fig. 2) . This consequence suggests that even if the infected eye is rendered sterile by antibiotics, ocular damage continues to occur. B. cereus produces a number of cytolysins and enzymes that could contribute to the rapid course and severity of endophthalmitis, including hemolysins, lipases, enterotoxins, and proteases (48) .
One B. cereus pore-forming toxin, hemolysin BL, has been analyzed in terms of its role as a virulence factor in endophthalmitis (11, 22) . Hemolysin BL is a tripartite toxin, with hemolytic, dermonecrotic, and emetic activities. Although purified hemolysin BL and crude B. cereus supernatants caused retinal tissue damage in an in vitro retinal button toxicity assay (11), a specific role for hemolysin BL in intraocular infection was not established. Using a B. cereus allelic-replacement he- molysin BL-deficient mutant, we demonstrated that hemolysin BL made a detectable contribution only very early in experimental B. cereus endophthalmitis but did not affect the overall course of infection. Intraocular inflammation and retinal toxicity occurred irrespective of the presence of hemolysin BL, implying the contribution of other factors to pathogenicity (22) .
Considering reported activities against other types of mammalian cells and tissues, additional B. cereus toxins, such as cereolysin AB (48, 49) , cereolysin O (120), or collagenase (124), could be involved in endophthalmitis pathogenesis. Sphingomyelinase and phospholipase C comprise the cytolytic unit known as cereolysin AB, the activity of which results from the sequential action of each enzyme on cell membranes (48, 49) . Cereolysin O is a thiol-activated cytolysin that binds to cholesterol as an initial step prior to cell lysis, an activity that may extend to cells of the posterior segment of the eye (120). Collagenolytic B. cereus strains have been isolated from cases of endophthalmitis (124) . Collagen is a major constituent of the vitreous and, therefore, a potential intraocular target for this enzyme. Although the activities of these toxins may expand to intraocular cells and tissues, their roles in vivo during endophthalmitis have yet to be determined. In vivo testing of isogenic mutants defective in these toxins similar to those constructed for the analysis of hemolysin BL in endophthalmitis will unambiguously define the contributions of other B. cereus toxins to disease.
E. faecalis Cytolysin and Aggregation Substance
E. faecalis is the causative agent in 4 to 8% of postoperative endophthalmitis cases and is isolated most frequently from infected filtering blebs following glaucoma surgery (34, 35, 80) . Clinically, the visual outcome in cases of E. faecalis endophthalmitis is usually poor, with only 15% of E. faecalis endophthalmitis cases resulting in a final visual acuity of 20/200 or better (34, 35, 80) . E. faecalis has become a key public health concern because of the emergence of antibiotic resistance to most, and in some cases all, useful antibiotics (59). Vancomycin resistance in E. faecalis ocular isolates has yet to be reported.
E. faecalis strains frequently harbor conjugative plasmids that encode a cytolysin which effectively lyses both eukaryotic and prokaryotic cells (48) . The cytolysin consists of a large lytic subunit (CylL L ) and a small lytic subunit (CylL S ). Each subunit has lanthionine-type posttranslational modifications, as are found among lantibiotic class bacteriocins, but are unique among bacterial toxins. Both cytolysin subunits are secreted through a dedicated ATP-binding cassette transporter, CylB, and are proteolytically processed by a subtilisin-class serine protease, CylA, which renders the cytolysin subunits active against prokaryotic and eukaryotic cells (48) . Epidemiologic analyses of E. faecalis clinical isolates demonstrated an enrichment for the cytolysin phenotype among endophthalmitis-derived isolates, suggesting its importance in endophthalmitis (18) .
An experimental model of E. faecalis endophthalmitis was used to analyze the contribution of the cytolysin in disease (62, 63) . Cytolysin-producing E. faecalis caused more fulminant and destructive changes in retinal architecture and a precipitous decline in retinal function, compared to noncytolytic transposon-insertion E. faecalis mutants. Transmission electron microscopy showed retinal tissue damage occurring several hours before microscopic detection in eyes infected with the cytolytic strain (62, 63) . Cytolysin-production by E. faecalis also contributed to treatment failures during infection. Experimental endophthalmitis caused by noncytolytic E. faecalis was resolved with intravitreal ampicillin, gentamicin, and dexamethasone, while similar infections caused by isogenic cytolytic strains were refractory to treatment (62, 63) . These results suggest that in cases of endophthalmitis caused by cytolysin-producing E. faecalis, treatment success may require targeting of the cytolysin as an adjunct to therapy.
In addition to destructive intraocular changes, E. faecalis has been observed to localize in close proximity to retinal tissues and vitreal structures, regardless of their cytolytic phenotype. One adhesin, aggregation substance, was found to be a virulence-enhancing factor in experimental E. faecalis endocarditis (25) . In the experimental endophthalmitis model, enterococci attached to membranous vitreous structures, but distinct localization patterns and the course and severity of disease were independent of the aggregation substance phenotype, suggesting a role for other adhesion factors in disease (61).
S. aureus Global Regulation and Toxins
S. aureus is a leading cause of post-traumatic and postoperative endophthalmitis. Like E. faecalis and B. cereus, the clinical outcome of S. aureus endophthalmitis is frequently poor, resulting in visual outcomes with final visual acuities of 20/400 or worse in more than 50% of reported cases (3, 68, 99, 103, 110, 121) . The increased incidence of multiple antibiotic resistance in clinical isolates threatens to further increase the rate of treatment failures for S. aureus.
S. aureus secretes several extracellular enzymes and toxins, many of which have been implicated in the pathogenesis of disease in nonocular systems. These virulence factors are coordinately controlled by quorum-sensing systems that act at the transcriptional level, namely, agr (accessory gene regulator) and sar (staphylococcal accessory regulator) (105) . In general, S. aureus secretes cell wall-associated products and adhesins (e.g., clumping factor, fibronectin-binding protein, and protein A) during the logarithmic phase of growth, while most extracellular virulence factors (e.g., toxins, proteases, and lipases) are secreted postexponentially. With a few exceptions, regulatory mutants in agr or sar (or both) produce cell wall-associated proteins throughout the entire growth cycle but do not produce most extracellular toxins (105) . In nearly every experimental comparison of the virulence of wild-type S. aureus with global regulatory mutants, the virulence of the global regulatory mutants is reduced or abolished (105) .
Global regulatory mutants have been analyzed in experimental models of S. aureus endophthalmitis. The virulence of an isogenic mutant harboring a Tn551 insertion into the agr regulatory locus (agr) was compared with its wild-type strain in both the rabbit and rat (16, 45) . Eyes infected with the wildtype strain showed a more rapid decine in retinal responsiveness and a more intense intraocular inflammatory response than eyes infected with the agr strain. Focal retinal destruction was observed in eyes infected with the wild-type strain at 36 h postinfection, while eyes infected with the agr strain appeared normal (16) . An extension of these studies analyzed whether the sar global regulatory system contributed to virulence. The rate of retinal destruction in eyes infected with the sar mutant was similar to that for infections with the wild-type strain. Therefore, the sar locus alone did not modify the overall virulence of S. aureus in endophthalmitis. However, the combined effect of insertional mutations in both sar and agr led to nearcomplete attenuation of virulence (17) .
While these studies highlight the importance of globally regulated toxins in S. aureus endophthalmitis pathogenesis, the contribution of individual toxins to virulence remained unclear. Gamma-toxin and leukocidin, both two-component toxins active against several inflammatory cell types, were highly toxic when injected intravitreally, causing significant retinal destruction and inflammation (122) . However, the concentrations of toxins produced by S. aureus during active intraocular infection were unknown, and therefore, whether the toxin concentrations used in this study were of physiological relevance is unclear. Experimental models of S. aureus corneal infection have shown that alpha-toxin, a membrane-damaging hemolysin, is the primary virulence factor in corneal epithelial tissue destruction during keratitis (21) . To determine the individual contributions of not only alphatoxin but also gamma-hemolysin and beta-toxin (a sphingomyelinase) in intraocular disease, the degrees of virulence of isogenic mutants deficient in each toxin locus were compared in the experimental model of S. aureus endophthalmitis (M. C. Booth et al., Abstr.). The absence of gamma-toxin had no positive effect on retinal function compared to that of wild-type infection on postinfection day 2 (Fig. 3) . Supersac et al. (136) demonstrated significant ocular inflammation in eyes intravitreally infected with a gamma-hemolysin-deficient mutant, supporting the lack of a central role for this toxin in endophthalmitis pathogenesis. However, destruction of the retina in eyes infected with either the alpha-toxin-or the beta-toxin-deficient strain was significantly attenuated compared to eyes infected with wild-type S. aureus on postinfection day 2, suggesting that alpha-toxin and beta-toxin contributed to the decrease in retinal function observed. There was also cumulative effect of the absence of all three toxins on retinal function. Retinal function in eyes infected with an alpha-, beta-, and gamma-toxindeficient triple mutant was preserved to a higher degree than that observed with wild-type S. aureus or single-toxindeficient mutants on postinfection day 2 (Fig. 3) . On postinfection day 3, differences in disease severity became less clear. Marked reductions in retinal responsiveness in all strains tested occurred, demonstrating the effect of cumulative damage or suggesting the importance of additional factors to virulence in the later stages of infection. Taken together, these data demonstrate that several globally regulated toxins, notably alpha-toxin and beta-toxin, are important in retinal destruction during S. aureus endophthalmitis (M. C. Booth et al., Abstr.). Novel therapeutics designed to inactivate global regulation of S. aureus during the early stages of infection may therefore be more effective in arresting tissue damage than the targeting of individual toxins.
Bacterial Behavior in the Eye
Another aspect of virulence that has yet to be investigated extensively is that of bacterial behavior in the eye during infection. Experimental models have shown that, in general, the course and severity of S. aureus or E. faecalis endophthalmitis correlated with intraocular growth rates (16, 17, 20, 22, 61, 62, 63) . For these organisms, maximal inflammation is observed shortly after they reach the stationary phase of intraocular growth. In contrast, eyes infected with B. cereus exhibit an almost immediate inflammatory response despite the low number of organisms at the earliest stages of infection, several hours before the growing organisms reached maximal numbers in the eye (20, 22) .
In terms of intraocular localization during infection, S. aureus and E. faecalis were recovered exclusively in the vitreous (20) . In contrast, B. cereus was observed within retinal tissues 6 h postinfection, in aqueous humor 9 h postinfection, and in all ocular tissues 12 h postinfection (20) . B. cereus is a motile organism, whereas S. aureus and E. faecalis are not. Preliminary studies indicate that motile B. cereus is significantly more virulent than nonmotile B. cereus (M. C. Callegan, S. T. Kane, and M. S. Gilmore, Abstr. Assoc. Res. Vis. Ophthalmol. Meeting, abstr. 1857, 2000), suggesting a possible role for this trait in pathogenicity. FIG. 3 . Contribution of specific membrane-damaging toxins to decreases in retinal function during experimental S. aureus endophthalmitis. Approximately 100 CFU of the following S. aureus strains was injected into the vitreous at day 0 (16, 17) : hlaϩhlbϩhlgϩ, wildtype strain; hlaϩhlbϩhlgϪ, isogenic mutant lacking gammahemolysin; hlaϪhlbϩhlgϩ, isogenic mutant lacking alpha-toxin; hlaϩ hlbϪhlgϩ, isogenic mutant lacking beta-toxin; and hlaϪhlbϪhlgϪ, isogenic mutant lacking alpha-toxin, beta-toxin, and gamma-hemolysin (strains provided by Tim Foster, Trinity College). Data at each postinfection day are presented as percentages of the B-wave amplitude of retinal function retained compared to baseline and sham-injected controls. Electroretinography losses were averaged for each group and compared using the Student t test. Values and error bars represent means Ϯ standard errors of the means for four or more eyes per group.
Bacterial Cell Walls and Their Components
The majority of studies on the inflammogenicity of grampositive organisms have focused on the contribution of the cell wall. The inflammatory capacity of gram-positive cell walls and their components (peptioglycan, lipoteichoic acid, and capsular polysaccharide) is well-documented in a number of in vivo and in vitro systems (14, 32, 53, 71, 72, 143, 144) . Metabolically inactive organisms, cell walls, and individual components have also been shown to stimulate inflammatory cell chemotaxis, cytokine production, and cellular toxicity in experimental ocular systems (20, 44) . In the vitreous, peptidoglycan is highly inflammogenic, inciting rapid influx of inflammatory cells into the posterior segment in a manner similar to that of gramnegative lipopolysaccharide (57) .
Comparisons of the inflammogenicity of cell walls from several gram-positive species demonstrate that cell walls of Bacillus sp. are most stimulatory, while P. acnes cell walls are minimally stimulatory (56, 130, 151) . Since gram-positive cell walls are cross-linked to various degrees (106) , the extent to which differences in the tertiary cell wall configurations account for the clincal variability observed with ocular infections is not known. Recently, we analyzed the intraocular inflammogenicity of B. cereus, S. aureus, and E. faecalis to determine whether these differences were species specific (20) . Overall, neither metabolically inactive organisms nor purified sacculi caused significant reductions in retinal responsiveness, but these preparations caused significant intraocular inflammation (Fig. 4) . The inflammogenicity of metabolically inactive organisms was greater than that of purified sacculi, indicating a role for extractable cell wall-associated components in stimulating intraocular inflammation (20) . Significant differences in relative intraocular inflammogenicty between these organisms were not found, however. The effect of fragmentation of the peptidoglycan, as occurs with organisms exposed to cell wall-active antibiotics, was not explored and may affect the outcome of these experiments.
INTRAOCULAR HOST RESPONSE: IMPLICATIONS FOR DISEASE SEVERITY
As noted earlier, the eye must maintain a clear visual tract for normal visual function. Anatomical and functional characteristics render the eye an immunologically privileged site, affording protection against excessive bystander damage caused by the host immune response (132) . Several factors account for ocular immune privilege, which limits inflammatory responses in order to avoid bystander damage to the retina. Ocular immune privilege has been extensively studied in the setting of the adaptive immune response (94) . Although an adaptive response probably does not occur during the ordinarily acute course of endophthalmitis, the findings in this field likely have important implications for the innate immune response to intraocular microorganisms.
Blood-Ocular Fluid Barrier
Under normal physiological conditions, the blood-ocular fluid barrier ensures proper functioning of intraocular tissues and is essential for immune privilege (28) . The blood-ocular fluid barrier, consisting of inner and outer blood-retina barriers and the blood-aqueous humor barrier, limits the influx of macromolecules into aqueous humor, vitreous, and the retinal intercellular spaces. The inner blood-retina barrier is formed by tight junctions between the endothelial cells and basement membrane of retinal capillaries and retinal pericytes, which control the blood supply for the inner retinal layers, preventing leakage of plasma constituents into the vitreous. The tight junctions between retinal pigment epithelial cells constitute the outer blood-retina barrier and control the blood supply to retinal photoreceptor cells and the choriocapillaris. The bloodaqueous humor barrier is formed by the iris and ciliary epithelium and thus divides the highly perfused iris from its neighboring compartments, the anterior chamber and the anterior vitreous (28) .
The importance of these barriers for retinal function becomes evident in diseases in which this compartmentalization is compromised, such as occurs in diabetic retinopathy (8) . During inflammation these barriers break down (90) . While the blood-ocular fluid barriers furnish the retina and other intraocular tissues with a controlled supply of blood and nutrients, these tissues also maintain an immune-privileged environment by supplying increasing levels of certain cytokines, such as transforming growth factor ␤ (50, 137), ␣-melanocytestimulating hormone (138) , and vasoactive intestinal peptide (139) . Although these factors share immunosuppressive properties and have been detected in healthy aqueous humor, it is unknown to what degree these cytokines regulate the immune response in endophthalmitis.
ACAID
Several laboratories have documented the process of ocular antigen presentation and its immunological consequences in great detail in the context of anterior chamber-associated immune deviation (ACAID) (52, 73, 79, 95) . Ocular antigen presenting cells, namely, macrophages and dendritic cells, are found in the iris and the choriocapillaris (86, 128) . Cells residing in the iris are likely candidates for antigen sampling of the anterior chamber, and antigen presenting cells appear to travel via the trabecular meshwork and the venous circulation toward the spleen (135) . In the posterior segment, astrocytes and retinal pigment epithelial cells of the retina, and dendritic cells and macrophages of the choriocapillaris appear to be capable of presenting antigen (82) , and the posterior compartment of the eye also displays typical features of immune privilege (64) .
The impact of ACAID in intraocular bacterial infection is unclear. In most cases of postoperative endophthalmitis, bacteria enter the eye via the anterior chamber, where antigen presentation may initially occur. Therefore, antigen presenting cells residing in the iris are the most likely to first encounter these pathogens. This process may be facilitated by the mild inflammatory reaction in the anterior segment resulting from tissue manipulation of surgery. However, the duration of "immunological silence" between the introduction of organisms and immune activation in the early phase of endophthalmitis may be long enough to afford a growth advantage to the organism. Considering the immunosuppressive environment of the anterior chamber and the frequency of microbial contamination during surgery (12) , it is in fact puzzling why intraocular infection is relatively rare. Retinal and uveal antigen presenting cells may not have access to antigen under physiological conditions but may function in this capacity upon activation during the later stages of infection, if the microbes have gained access to the posterior segment. Presumably, it is when the defense mechanisms of immune privilege are overwhelmed that the fulminant inflammation typical of severe cases of endophthalmitis occurs.
Complement and Proinflammatory Cytokines
Studies addressing the roles of complement and proinflammatory cytokines in bacterial endophthalmitis are limited. Experiments with systemically decomplemented guinea pigs revealed the importance of vitreal complement components in inhibiting bacterial growth (5, 46) . The host defenses of partially decomplemented guinea pigs were impaired following intravitreal challenge with S. aureus, S. epidermidis, and Pseudomonas aeruginosa. Host defenses were restored as complement levels returned to normal (5, 46) .
Interleukin-1 (IL-1) is produced by a number of cell types in response to various inflammatory and infectious stimuli (146) . IL-1 initially mediates the acute-phase response, inducing other inflammatory mediators such as prostaglandins, phospholipase A 2 , collagenases and other proinflammatory cytokines (IL-6 and tumor necrosis factor [TNF]). In the eye, IL-1 is produced by corneal epithelial cells, Mueller cells, and ciliary body cells in response to different uveitogenic stimuli (33) . Intravitreal injection of recombinant IL-1␤ induces the breakdown of the blood-retina barrier and leukocyte recruitment into the intraocular tissue (9) .
Like IL-1, IL-6 is produced by numerous cell types and is induced by other cytokines (IL-1, gamma-interferon, and TNF alpha [TNF-␣]) (5). IL-6 is crucial for the production of acutephase proteins such as C-reactive protein and fibrinogen by the liver and promotes B-and T-cell differentiation (147) . In the eye, IL-6 is produced primarily by retinal pigment epithelial cells (13) . Although the role of IL-6 in ocular infection is not known, it is known to play a local role in negative feedback on IL-1 and TNF-␣ production (115) . There is a strong correlation between IL-6 concentrations and leukocyte count in bacterial meningitis (149) .
A variety of immune cells are able to produce TNF-␣ in response to microbial infection. In the eye, TNF-␣ is produced by astrocytes and by histiocyte-like cells in the iris ciliary body (7, 153) . The effects of TNF-␣ include the induction of apoptosis, major histocompatibility complex upregulation, and pyrogenicity. In terms of its role in inflammation, TNF-␣ is strong activator of nuclear factor kappa B (NF-B), a universally present transcriptional regulator that regulates the expression of chemokines, growth factors, and cell adhesion molecules. Aside from initiating the acute-phase response in immune cells, NF-B induces a number of neuroprotective events (83) . TNF-␣ injected intravitreally provokes an intraocular inflammatory reaction, albeit to a lesser degree than IL-1␤, and together they act synergistically with IL-1␤ (41) . The importance of IL-8 has been demonstrated in experimental uveitis (148) . IL-8 promotes the recruitment of polymorphonuclear leukocytes (109) , and because dense neutrophil infiltration is a characteristic feature of endophthalmitis, its involvement in intraocular infection is probable but has not yet been determined. 
Cellular Infiltration
A characteristic histopathological feature of endophthalmitis is a dense polymorphonuclear infiltrate of vitreous cavity, trabecular meshwork, anterior and posterior lens capsule, ciliary body, retina, and the choroids (37) . Depending on the infecting organism, the onset of infiltration can be delayed and the infiltration can be comparatively limited, as in the case of S. epidermidis endophthalmitis (104), or more fulminant, as in B. cereus, S. aureus, or E. faecalis endophthalmitis (20) . Considering the host of potentially retinotoxic products of neutrophils, such as oxyradicals, it is possible that these molecules contribute to retinal toxicity during bacterial endophthalmitis, as is the case in anatomically analogous infections, such as meningitis (78) .
The role of T lymphocytes in endophthalmitis has not been established, but it is possible that they play important roles in regulating the immune response in this infection in this setting, as has been observed for bacterial keratitis (76) .
MODEL OF ENDOPHTHALMITIS PATHOGENESIS
A picture of the molecular and cellular events that occur in the evolution of endophthalmitis is only beginning to emerge. However, much can be learned by drawing on observations made in broadly analagous systems, including studies on the pathogenesis of meningitis. As with meningitis, bacteria that gain access into the interior of the eye can replicate largely unimpeded by the immune system as a result of vascular compartmentalization and active suppression mechanisms. During growth, toxin production by virulent organisms results in loss of retinal function at a rate that appears to be organism dependent. The specific effects of bacterial toxins on tissues and cells of the posterior segment have not been well studied. In addition to toxins, the mere presence of certain organisms in these immunologically privileged areas stimulates intraocular inflammation. Cell envelopes, fragments of peptidoglycan, and teichoic acid or lipopolysaccharide are likely shed into these spaces during intraocular growth or antibiotic killing. These components, as well as the growing organisms themselves, may come in contact with and stimulate resident immune cells to produce proinflammatory cytokines or other immune mediators. The production of soluble immune mediators initiates a cascade of inflammatory events, including increased permeabilty of the blood-ocular fluid barrier, with influx of additional soluble mediators and recruitment of phagocytic inflammatory cells to the site of infection. Inflammatory cells may in turn produce more inflammatory cytokines, in addition to toxic enzymes and reactive oxygen species involved in phagocytosis. During the later stages of protracted endophthalmitis, lymphocytes may migrate into inflamed intraocular tissues, and an immunoglobulin response may result. The ultimate result is disruption of retinal architecture and death of nonregenerating retinal photoreceptor cells and a significant intraocular inflammatory response which can exacerbate the harmful effects of bacterial growth and toxin production by causing bystander damage.
While this scenario may pertain to untreated infections with virulent organisms, intraocular infection with nontoxigenic organisms such as S. epidermidis or P. acnes may also follow a similar course, albeit at a lower and possibly more immunologically controlled rate. However, because nontoxigenic organisms, such as B. subtilis, can cause as fulminant an intraocular infection as virulent organisms, the differences in infection severity may lie in not only whether the organism produces toxins but also to what extent the organism incites intraocular inflammation or undermines immune privilege.
CONCLUSIONS AND PERSPECTIVES
A more detailed understanding of the interactions between offending organisms and the intraocular host response is needed to more effectively treat endophthalmitis and improve visual outcome. Clinical evidence shows that while antibiotics effectively kill intraocular organisms and anti-inflammatory agents supress the intraocular inflammatory response, these drugs have no effect on the toxins or inflammation-derived enzymes that directly affect retinal function or architecture. As more information becomes available with respect to the natural course of different types of endophthalmitis, several steps in the evolution of infection may emerge as new therapeutic opportunities. Therapeutic targets of the bacterium may include global regulation of virulence factors, inactivating specific retinal toxins, blocking bacterial motility, or blocking bacterial tissue attachment and colonization. Potential therapuetic targets among the myriad of host responses include the production of proinflammatory cytokines, recruitment of inflammatory cells, and production of toxic inflammatory by-products. Further research in this area will delineate which of these are among the most viable options.
